ABSTRACT The design of wide-passband dual-polarized elliptic frequency selective structures (FSSs) is proposed in this paper. The unit cell of the proposed structure is comprised of an array of cascaded square-patch resonators with a coupling layer consisting of two types of modified C-type and all-through slots. The designed FSS provides a third-order wide-passband elliptic filtering response, with three transmission poles in the passband and two transmission zeros at below and above the passband, respectively. The designed FSS is fabricated and its performance is measured. The measured results confirm that the proposed design achieves the desired wide-passband filtering performance with a fractional 3-dB bandwidth of up to 63% even for oblique incident angles up to 40 • , for both TE-and TM-polarizations.
I. INTRODUCTION
Frequency selective surfaces (FSSs) exhibiting spatial filtering characteristics for electromagnetic waves have been widely studied for numerous applications [1] . For bandpass FSSs, a relatively large bandwidth is often required to construct hybrid radomes, electromagnetic shelters for high-performance aircraft, and spatial filters for frequency reuse systems. The main challenge encountered while designing of such structures is achieving simultaneously wide bandwidth and fast roll-off with sharp transition from passband to stopband, i.e. realizing an elliptic filtering response.
A variety of wideband FSSs have been designed to provide bandstop responses for some radomes and reflector applications [2] - [4] . One FSS with a sharp pseudo-elliptic response and good angular stability proposed in [5] realized a stopband bandwidth up to 52%, and a structure offering a wide bandwidth of 106% was described in [6] . Both FSS designs are based on a periodic array of vertically stacked Microstrip lines (VSML), which is a 3-D unit cell offering high design flexibility [7] , [8] . Another example is an FSS exhibiting 78%, 100%, and 137% stop-band bandwidths, with a rejection of −10-dB, which is based on the cascaded VSML configurations [9] . This type of 3-D structure is an excellent
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candidate for high-performance FSS design, although such performance is achieved at the expense of a slightly thicker profile [10] - [13] .
Relatively fewer wide bandpass solutions have been reported in literatures comparing with the bandstop structures. However, bandpass FSS designs that have limited bandwidths are widely available. A number of strategies have been reported in the literature that are directed toward improving the bandpass performance of an FSS. A widepassband gridded square FSS has been reported in [14] , and a similar structure with much smaller periodicity was presented in [15] . An interwoven convoluted multi-layer FSS with 3-dB bandwidth up to 60% has been presented in [16] . A nonresonant structure was introduced in [17] and achieved a bandwidth of 20%. Another second-order FSS with 34.1% 3-dB bandwidth was described in [18] , by using two arrays of patches coupled together. The wideband bandpass FSS based on waveguide and cross dipole reported in [19] achieves 3-dB relative bandwidth of 65%, although the insertion loss is slightly high with 1.8dB and the configuration is very complex. An ultra-wideband FSS realizes 105% fractional bandwidth with 2nd order Chebyshev filtering performance in [20] . An FSS structure by combining parallel LC resonators proposed in [21] achieves 3-dB relative bandwidth up to 110% from 1.3 to 4GHz. In addition, a number of researchers have searched for the solution to the problem at hand by employing dual-or multi-band FSSs utilizing stacked multi-resonant elements [22] - [24] , perturbing a single-band array [25] - [27] , and fractal elements [28] .
This paper proposes a third-order bandpass FSS with three transmission poles (TPs) in the passband to attain the wideband characteristic and two transmission zeros (TZs) in the lower and higher frequency bands respectively realizing elliptic filtering performance with fast roll-off features for both TE-and TM-polarizations. The proposed structure is comprised of an array of cascaded square-patch resonators with a coupling layer carved by two types of modified C-type and all-through slots. An example structure has been designed, the prototype has been fabricated, and measurement has been characterized in an anechoic chamber.
II. GUIDELINES FOR MANUSCRIPT PREPARATION
As mentioned above, a novel FSS design is presented in this paper, whose geometry is shown in Fig. 1 . θ and φ denote the elevation and azimuthal angles of the incident plane wave, respectively. Fig. 1(b) gives the perspective view of the unit cell for the proposed FSS, which includes metallic square patch resonators in the top and bottom layers, and a window with modified C-type and all-through slots in the middle layer. An important feature of the design is that it replaces the apertured coupling layer in the conventional resonatorcoupler resonator (RCR) module design with the one carved by the two types of slots in the middle layer. Besides the two TPs of the cascaded patches as a RCR module, the approach of modified C-type slots in the middle layer can generate yet another TP at a higher frequency, and consequently a much wider transmission band can be achieved by using this third-order structure. Additionally, a square patch array is constructed by using the all-through slot in the middle layer, and a TZ is realized below the passband which helps to achieve elliptic filtering performance with a fast roll-off characteristic. In addition, the C-type slots in the middle layer are modified and interweaved together after 90 • rotation to realize the symmetrical topology in x-and y-directions that are responsible for TE-and TM-polarizations of the incident wave, respectively.
A. SINGLE-POLARIZED WIDE-PASSBAND FSS
The proposed FSS is built on the RCR module concept, which is realized by a cascading square patch resonators with an apertured coupling layer, as shown in Fig. 2(a) . The apertured layer inserted between two patch resonators serves as a coupling window, and the RCR structure generates a couple of TPs which are very helpful in realizing relatively wide bandpass filtering performance [12] . The black curve with triangular marker, as shown in Fig. 4 , displays the simulated frequency responses. The center resonant frequency can be calculated by using the cavity model to give [29] , where p is the width of square patch resonators, v 0 is the speed of light in vacuum, and ε re is the effective relative permittivity of the dielectric material. The coupling between the two resonators can be tuned by the size of aperture [12] . This kind of RCR module can be explained by the coupledresonators network approach as shown in Fig. 2(b) , which is general to implement bandpass filter network [30] . The configuration of the square patch antenna is introduced here as resonators which are cascaded by the apertured layer, while the source and load waveports are equivalent to be with free-space characteristic impedance. The RCR structure will generate attractive transmission at resonance under a plane wave incident. However, only two TPs are achieved, and thus the bandwidth of the structure is limited. Moreover, 55834 VOLUME 7, 2019 TZs cannot be generated due to the absence of cross coupling between resonators. Our goal is to construct a structure which can generate more TPs, and realize the wide-passband filtering performance. In this work, a pair of C-type slots with a length (l) of 13.5mm and width (w) of 0.9mm are inset in the middle coupling layer of the cascaded square patch resonators. Fig. 3 shows the unit cell of the structure (Type-I), which consists of three metallic layers: arrays of metallic square patch resonators in the top and bottom layers, and a coupling layer with an array of C-type slots sandwiched in the middle, as shown in Fig. 3(b) . The patch resonators to be periodic are arranged in the x-and y-directions, and the spacing L between the adjacent unit cells is chosen to be 10mm. The FSS is realized by using a Rogers 3003 substrate whose relative dielectric permittivity ε r is 3, loss tangent tanδ is 0.002 and the substrate thickness t is 2mm. The side-length p of the metallic patch is 6mm. Fig. 3(c) shows the coupled-resonators network approach of the proposed structure. It should be pointed out that the sandwiched layer with an array of C-type slots provides another resonator, while it also serves as a coupling window between the two patch resonators. Hence, a third-order filtering response can be achieved based on the proposed unit cell by including a C-type slot resonator in the middle layer. In contrast to the conventional approach, the third-order module can be used to synthesize the filter shapes, by using the coupled filter theory, to realize a wide bandpass response with three TPs.
The simulated frequency responses of the proposed FSS with different lengths l of the inset C-type slots is displayed in Fig. 4 , when it is excited by a plane wave normally incident. In addition to the two existent TPs (f 1 and f 2 ), one more TP (f 3 ) is generated, and the TP is primarily determined by the length of the C-type slots which is nearly equal to half-wavelength. Three TPs are realized at f 1 = 7.62GHz, f 2 = 11.53GHz, f 3 = 13.64GHz, as shown in Fig. 4 when the length l of the C-type slots is 13.5mm. The simulated fractional 3-dB bandwidth is approximately 82.5% ranging from 5.85GHz to 14.06GHz for the normal incidence case, and the insertion loss is 0.32dB at the center frequency of the passband.
B. DUAL-POLARIZED WIDE-PASSBAND FSS
The proposed Type-I structure, as shown in Fig. 3 , presents good filtering performance but only for the case of single polarization excitation with φ = 0 • , since the design is not x-y symmetric. Hence, the second task is to solve the problem of the FSS configuration operating only single polarization incidence. In this work, the C-type slots in the middle layer of the FSS unit cell in Fig. 3 are modified as shown in Fig. 5(a) (Type-II) . Then the modified C-type slots can be interweaved with the ones after 90 • rotation as shown in Fig. 5(b) (Type-III) .
The length l and the width w of the modified C-type slots are similar to the one in Type-I structure. A displacement distance D of 1.45mm between the two slots is realized by placing unequal lengths of upside (l 1 +l 3 ) and downside (l 2 +l 4 ) C-type slots in y-direction and positing the slot in the middle with of 0.525mm in x-and y-directions as shown in Fig. 5 . changing width w of the modified C-type slots. It is found that similar wide bandpass third-order filtering response is obtained, although the bandwidth becomes narrower slightly. The match of the FSS can be achieved by tuning the width w of slots. Fig. 6 shows that if the width w is chosen to be 0.8mm, a good match with a reflection coefficient below −10-dB can be achieved for a normally incident plane wave. In addition, a TZ is realized at f z1 = 15.93GHz that contributes to a fast roll-off rejection, which is desirable. Also, it is noted that f z1 is only located at the upper side of the TP. Next, the modified C-type slots are interwoven to obtain the dual-polarized third-order wide-passband FSS (Type-III) as shown in Fig. 5(b) . Fig. 7 presents the simulated frequency responses of these two types of FSS, and shows that they indeed achieve the desired filtering response. The topology of the structure is symmetrical for both horizontal and vertical dimensions, which are responsible for the responses to TE-and TM-polarizations of the incident wave, respectively. 
C. DUAL-POLARIZED ELLIPTIC WIDE-PASSBAND FSS
It should be mentioned that although a wide-passband dualpolarized bandpass FSS (Type-III structure) with the prescribed third-order frequency responses has been designed as shown in Fig. 5(b) , realizing an elliptic filtering responses still remains a challenge without generating a TZ below the passband, which is the third task to be dealt with in this work. Towards this end, the coupling layer with modified C-type slots in the middle layer of the FSS are modified once again. A gap with width g of 0.5mm is introduced and a square patch with a side length of L − 2g replaces the continuous plane as shown in Fig. 8 (Type-IV) . The elements in the middle layer comprising of plates of the square patch works for the reflecting case and generates a TZ when the element dimensions are close to a half-wavelength [1] . Fig. 9 presents the simulated frequency responses of the proposed FSS (Type-IV), and compares with the ones of the Type-III structure. The solid blue curve in the figure shows that a TZ f z2 has been obtained at 5.62GHz, besides the TZ (f z1 ) at 13.91GHz, for the FSS with modified C-type slots and all-through slots in the middle layer.
Finally, a wide-passband dual-polarized elliptic FSS has been realized, which is comprised of a 2-D periodic array of a three-layer RCR module design, and includes metallic square patch resonators in the top and bottom layers and a middle layer with modified C-type and all-through slots. 
III. IMPLEMENTATION AND MEASURED RESULTS OF FSS
Based on the approach described above, a wide-passband dual-polarized elliptic FSS has been implemented by using the dimensions shown in Figs. 1 and 8 . The FSS has been fabricated on two layers of Rogers 3003 substrate whose thickness t is 2mm, relative dielectric permittivity ε r is 3 and its loss tangent tanδ is 0.002. It should be mentioned that a very thin layer of prepreg bonding sheet with thickness of 0.06mm and relative dielectric permittivity of 4.4 is inserted between the two layers of Rogers 3003 substrates to follow the PCB fabrication technique; hence, only one layer of Rogers 3003 substrate has the coupling layer. The fabricated prototype of the FSS is shown in Fig. 11 , which is approximately 300mm × 300mm in size and consists of 900 unit cells. The fabricated FSS is measured based on the free-space method in an anechoic chamber as shown in Fig.12 . The FSSunder-test is embedded in the center of a wall made of absorbingmaterial, and transmitting and receiving horn antennas areconnected to a two-port vector network analyzer. The two horn antennas are placed in front of the absorbing wall 3m away, which satisfies the far-field distance requirement of the horn antenna while measuring the reflection coefficient as shown in Fig. 12(a) , and they are placed on both sides of the wall 3m away when measuring the transmission coefficient as shown in Fig. 12(b) . The system is calibrated by replacing the FSS with a metallic plate and removing it, based on the method for radar cross-section measurements method [31] . The measured frequency response characteristics of the designed FSS are presented in Fig. 13 , which shows that the desired wide-passband elliptic filtering response of the proposed structure has been achieved for both TE-and TM-polarization cases. Three TPs at f 1 = 8.22GHz, f 2 = 10.74GHz, f 3 = 11.91GHz, and the two TZs at f z1 = 13.46GHz and f z2 = 5.12GHz, have been generated under the normal TE-incidence, as shown in Fig. 13(a) ; however, they have a slight difference under the normal TM-incidence as shown in Fig. 13(b) .
The measured fractional 3-dB bandwidth is approximately 63% ranging from 6.57GHz to 12.61GHz for the normal incidence case under both TE-and TM-polarizations, and the insertion loss is about 0.72dB at the center frequency of the passband. When the incident angle increases up to 40 • , the measured fractional 3-dB bandwidth is almost unchanged for both TE-and TM-polarizations as shown in Fig. 13 , which indicates a stable bandpass frequency responses although the bandwidth of out-of-band rejection is a little narrower than the results for θ = 0 • . In addition, the measured insertion loss at the center frequency increases to 0.94dB for TE polarization, and it is 1.16dB for TM-polarization.
It should be pointed out that the third TP (f 3 ) is almost disappeared when the incident angle increases to 40 • , especially for the TM-polarization case, which may be because that the oblique incident enhances the coupling coefficient of the two square patch resonators, which can be seen from the simulated results as shown in Fig. 10 . And then, the separation of the degenerate modes of the square patch resonators is endangered as the incident angle increasing, and the second TP (f 2 ) touches the third one (f 3 ) finally when the incident angle is at 40 • as shown in Fig. 13 . Table 1 gives the performance comparison of the proposed wideband FSS and the previously reported structures. It is shown that the proposed FSS realizes an elliptic wideband bandpass frequency-selective characteristic with three TPs in the passband and two TZs realizing fast roll-off performance for both TE and TM polarizations. Besides 3D microstrip line which is an excellent candidate of wide-stopband FSS, the FSSs based on the cascaded different kinds of resonators have achieved wide-passband performance with fractional 3-dB bandwidth up to 34.1%. The widest bandpass FSS is designed by integrating waveguide and cross dipole structures achieves 3-dB relative bandwidth of 65%, but the insertion loss is with 1.8dB and the configuration is difficult to realize. Comparing with these reported structures, the proposed FSS has the advantages of wider passband and lower insertion loss.
IV. CONCLUSION
This paper has presented the structure of a wide-passband dual-polarized elliptic FSS, which provides three TPs in the operating bands and two TZs in lower and upper stopbands leading to an elliptic filtering response. A wide-passband FSS has been designed, fabricated, and measured to verify the performance of the proposed structure. The measured results show that the designed FSS has achieved an elliptic filtering performance with fractional 3-dB passband bandwidth of 63% from 6.57GHz to 12.61GHz for incident angles ranging from normal up to 40 • for both TE-and TM-polarizations. In addition, two TZs are generated at 5.12GHz and 13.46GHz and the desired elliptic filtering performance is achieved. Both simulated and measured results have shown that the proposed structure is an attractive and promising candidate for high performance wide-passband FSS with an elliptic filtering performance for both TE-and TM-polarizations.
